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Introduction
Gibbons (Hylobatidae) are small, arboreal apes indigenous to
Southeast Asia. They occupy a range stretching from northeastern India, south to Sumatra, Borneo, and Java, and north
into the southernmost parts of China, with ranges among
genera being largely separated by major rivers (fig. 1)
(Geissmann 1995). All are threatened or endangered due to
human activities, some critically (Mootnick 2006). Gibbons
are by far the most speciose group of apes (Hominoidea)
(Groves 2001), with most of the radiation of extant lineages
occurring rapidly between 6 and 10 Ma (Matsudaira and
Ishida 2010). They are organized into four genera
(Hylobates, Hoolock, Symphalangus, and Nomascus) primarily
based on diploid chromosome number, and there are

between 12 and 19 extant species, according to various classification schemes (Roos and Geissmann 2001; Chatterjee
2006; Mootnick 2006; Carbone et al. 2009; Thinh et al.
2010a, 2010b). The Hylobatidae represents a valuable perspective on the phylogenetic link between the great apes and the
Old World monkeys (Cercopithecoidea) as well as a useful
position just before the radiation of great apes. The Old
World monkeys diverged from the apes 25 Ma (Gibbs
et al. 2007; Han et al. 2007), whereas the first divergence
within the great apes that of the orangutan lineage occurred
14 Ma (Locke et al. 2011). The current estimates show that
gibbons diverged from the other apes 15–18 Ma (Carbone
et al. 2009).
Although clearly delineated from other apes, questions
about the complex systematic relationships between

ß The Author 2012. Published by Oxford University Press on behalf of the Society for Molecular Biology and Evolution. All rights reserved. For permissions, please
e-mail: journals.permissions@oup.com
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Gibbons (Hylobatidae) are small, arboreal apes indigenous to Southeast Asia that diverged from other apes 15–18 Ma. Extant
lineages radiated rapidly 6–10 Ma and are organized into four genera (Hylobates, Hoolock, Symphalangus, and Nomascus)
consisting of 12–19 species. The use of short interspersed elements (SINEs) as phylogenetic markers has seen recent popularity
due to several desirable characteristics: the ancestral state of a locus is known to be the absence of an element, rare potentially
homoplasious events are relatively easy to resolve, and samples can be quickly and inexpensively genotyped. During radiation of
primates, one particular family of SINEs, the Alu family, has proliferated in primate genomes. Nomascus leucogenys (northern
white-cheeked gibbon) sequences were analyzed for repetitive content with RepeatMasker using a custom library. The sequences
containing Alu elements identified as members of a gibbon-specific subfamily were then compared with orthologous positions in
other primate genomes. A primate phylogenetic panel consisting of 18 primate species, including 13 gibbon species representing
all four extant genera, was assayed for all loci, and a total of 125 gibbon-specific Alu insertions were identified. The resulting
amplification patterns were used to generate a phylogenetic tree. We demonstrate significant support for Symphalangus as the
most basal lineage within the family. Our findings also place Nomascus as a derived lineage, sister to Hoolock, with the Nomascus–
Hoolock clade sister to Hylobates. Further, our analysis groups N. leucogenys and Nomascus siki as sister taxa to the exclusion of the
other Nomascus species assayed. This study represents the first use of SINEs to determine the genus level phylogenetic relationships within the family Hylobatidae. These relationships have been resolved with robust support at most internal nodes,
demonstrating the utility of SINE-based phylogenetic analysis. We postulate that hybridization and rapid radiation may have
contributed to the complex and contradictory findings of the previous studies. Our findings will aid in the conservation of these
threatened primates and inform future studies of the biogeographical history and distribution of modern gibbon species.

Downloaded from https://academic.oup.com/mbe/article/29/11/3441/1149745 by Louisiana State University user on 29 September 2021

Abstract

Meyer et al. . doi:10.1093/molbev/mss149

MBE

gibbon genera and species remain contentious. Numerous
phylogenies based on the behavior, morphology, geographic
distribution, karyotype, and genetic analyses have been constructed, often leading to more questions than answers
(Garza and Woodruff 1992; Geissmann 1995; Roos and
Geissmann 2001; Muller, Hollatz, and Wienberg 2003;
Takacs et al. 2005; Chatterjee 2006; Matsudaira and Ishida
2010; Thinh et al. 2010a; Kim et al. 2011). Especially debatable
are the divergence dates of individual genera and the determination of which lineage is most basal.
The studies of mitochondrial markers have recently begun
to achieve some statistical support for various phylogenetic
3442

hypotheses. A study by Takacs et al. (2005) of sequence from
the mitochondrial ND3–ND4 region was able to resolve species relationships within genera, but it was unable to resolve
relationships between genera. Another more recent mitochondrial study of complete cytochrome b gene sequences
also failed to robustly resolve the branching patterns among
the four genera (Thinh et al. 2010a). However, analysis of
complete mitochondrial sequences found Nomascus supported as the most basal group within Hylobatidae (Chan
et al. 2010; Matsudaira and Ishida 2010). In addition, a surprising frequency of chromosomal rearrangement within
Hylobatidae, resulting in a diverse range of diploid
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FIG. 1. Geographic distribution of the four gibbon genera. The Mekong River divides the Nomascus and mainland Hylobates groups. The Hoolock and
mainland Hylobates groups are divided by the Salween River. Sympatry exists between Symphalangus and some members of the Hylobates group with
conspecific breeding likely avoided due to significant size differences between these taxa. Map after Geissmann (1995) (http://www.gibbons.de/main/
system/system.html).
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(Lander et al. 2001; Chimpanzee Sequencing and Analysis
Consortium 2005; Gibbs et al. 2007; Locke et al. 2011). An
Alu element is 300 bp long and is nonautonomous; hence, it
does not encode the enzymatic machinery necessary for its
own reverse transcription. Instead, Alu elements hijack the
enzymatic machinery of a long interspersed element, L1
(Schmid 2003). The evolution of Alu elements within the
primate radiation has resulted in a large number of subfamilies of elements, identifiable by the diagnostic mutations that
they share with their progenitor copies (reviewed in Cordaux
and Batzer 2009; Konkel et al. 2010). The mobilization activity
of these subfamilies varies with time, allowing researchers to
tailor their assays to specific subfamilies active only in the
lineages and during the time periods in which they are interested (Churakov et al. 2010). Because of this, phylogenetic
studies of primates using Alu elements as markers have
been increasingly popular, helping to elucidate the relationships in many primate taxa, including those within the
Homininae (Salem et al. 2003), Catarrhini (Xing et al. 2005,
2007a), Platyrrhini (Ray et al. 2005; Osterholz et al. 2009), and
Strepsirrhini (Roos et al. 2004) clades, as well as the more
detailed relationships within the genus Macaca (Li et al.
2009) and the Colobinae (Osterholz et al. 2008; Roos et al.
2011) and the affiliation of the genus Tarsius to other primates (Zietkiewicz et al. 1999; Schmitz et al. 2001).
In this study, we resolve relationships within gibbons using
Alu elements as phylogenetic markers. We computationally
screened the available genomic sequences of Nomascus leucogenys that have been generated as a part of the ongoing
gibbon genome project. PCR assays in a panel of 18 primate
species, including 13 gibbon species, produced 125
gibbon-specific Alu insertions that were used to generate a
phylogeny of the Hylobatidae.

Materials and Methods
Computational Analysis of Candidate Loci
Genomic sequence generated by the gibbon sequencing consortium for N. leucogenys (northern white-cheeked gibbon) in
the form of a large number of sequenced bacterial artificial
chromosome (BAC) clones was obtained from the Ensembl
database system (Hubbard et al. 2009). A local installation of
RepeatMasker was then used to scan the sequences on the
sensitive setting to classify all identifiable repetitive sequences
(Smit et al. 1996–2010). Next, in-house Perl scripts were used
to filter the RepeatMasker output, keeping only those sequences that contained Alu elements classified by
RepeatMasker in the AluYc3 subfamily. However, further inspection revealed these elements to have been misidentified.
They were instead members of the AluYd3a1_gib subfamily,
which was not in the RepeatMasker RepBase library available
at the time of analysis (Jurka 2000). This yielded a total of
9,701 candidate sequences that contained putatively
gibbon-specific Alu insertions.
These computationally derived candidates were then queried against four available outgroup genomes, the human
(hg19), chimpanzee (panTro2), orangutan (ponAbe2), and
rhesus macaque (rheMac2), using BLAT searches (Kent
3443
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chromosome numbers (Nomascus, 2n = 52; Symphalangus,
2n = 50; Hoolock, 2n = 38; and Hylobates, 2n = 44), has contributed to the confusion over the relationships between gibbons (Muller et al. 2003; Carbone et al. 2009).
The use of retrotransposon insertions as phylogenetic and
population genetic markers has seen an increasing popularity
in recent years (Okada 1991; Minghetti and Dugaiczyk 1993;
Novick et al. 1993; Batzer et al. 1994; Stoneking et al. 1997;
Hamdi et al. 1999; Nasidze et al. 2001; Romualdi et al. 2002;
Salem et al. 2003; Watkins et al. 2003; Roos et al. 2004;
Shedlock et al. 2004; Ray et al. 2005; Schmitz et al. 2005;
Nikaido et al. 2006; Witherspoon et al. 2006; Herke et al.
2007; Xing et al. 2007a; Osterholz et al. 2008; Li et al. 2009;
Osterholz et al. 2009; Nilsson et al. 2010; Roos et al. 2011; Suh
et al. 2011). Short interspersed elements (SINEs) are <500 bp
in length and generate new copies of themselves through
reverse transcription of an RNA intermediate into a new position in the genome (Luan et al. 1993; Luan and Eickbush
1995; Cost et al. 2002). This pattern of mobilization results in
an increase in the copy number of most SINEs within their
host genomes. The copies of these elements produce many
important impacts on the structure and function of the
genome, especially when their insertion disrupts coding or
regulatory regions (Callinan and Batzer 2006; Belancio et al.
2009; Cordaux and Batzer 2009; Belancio et al. 2010; Konkel
and Batzer 2010; Konkel et al. 2010; Beck et al. 2011).
However, coding and regulatory regions comprise only
5% of the genome (Lander et al. 2001), so that most new
SINE insertions are likely to cause no disruption during their
insertion (Cordaux et al. 2006; Konkel and Batzer 2010). This
subset of insertions into neutrally evolving regions of the
genome has a number of characteristics that make them
desirable as phylogenetic markers. Genetic markers are said
to be homoplasious if the phylogenetic tree inferred from
them is not the true tree. SINEs are nearly homoplasy-free
markers because the ancestral state of any locus is known to
be the absence of the element (Batzer and Deininger 1991;
Murata et al. 1993; Batzer et al. 1994; Shedlock and Okada
2000; Okada et al. 2004; Ray et al. 2006; Ray 2007; Xing et al.
2007b). The presence of a SINE insertion at a specific location
within the genomes of two or more lineages is evidence that
the insertion occurred at a point in time when the lineages
shared a common ancestor. Potentially homoplasious events,
such as precise deletion and parallel independent insertion,
have been shown to be exceptionally rare, with most suspected cases being easily resolved by sequencing the suspicious loci (Ray et al. 2006; Xing et al. 2007a; Li et al. 2009).
However, most loci are quickly and easily genotyped using a
combination of polymerase chain reaction (PCR) and gel
electrophoresis.
The expansion of one particular family of SINEs, the Alu
family, began 65 Ma and has dominated within the radiation of primates ever since (Batzer and Deininger 2002;
Deininger and Batzer 2002; Kriegs et al. 2007; Konkel et al.
2010; Perelman et al. 2011). Alu elements are the most successful lineage of mobile elements in primate genomes, being
present in 1.2 million copies in the human genome and
having been found in every primate sequenced thus far
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PCR Amplification and DNA Sequencing of
Candidate Loci
Flanking oligonucleotide primers for PCR amplification of
each gibbon-specific Alu element were designed using the
CLC Main Workbench v.5 software suite ([cited 2012 Jun
25], http://www.clcbio.com/index.php?id=92). This involved
the creation of an alignment of each gibbon sequence to any
orthologous sequences obtained from the outgroup genomes. The gibbon-specific Alu element and 20 bp of flanking sequence upstream and downstream were designated as
the region to amplify (fig. 2). Oligonucleotide primers were
selected as close to the element as possible while still amplifying some orthologous flanking sequence. This is because
increased amplicon sizes containing excessive flanking sequence into which near parallel independent insertions
may occur can potentially confound analyses. This problem
is greater for analyses of distantly related species because researchers may need to search further into flanking regions to
find sequences sufficiently conserved to allow primer amplification across all species. However, with due diligence and
sequencing of questionable loci, this can be overcome. Next,
the suggested primers were screened computationally against
the available human, chimp, orangutan, and rhesus macaque
genomes using the In-Silico PCR function available at the
UCSC Genome Bioinformatics website. This was done to
reaffirm the established gibbon specificity of the locus to be
amplified and to determine whether the primer pairs amplified single loci (i.e., they were not designed within other repeats). Of the 430 candidate loci, only 231 had sufficient

unique flanking sequence available to allow primers to be
designed that passed in silico PCR analysis.
Because our supply of some gibbon species and individual
DNA was limited, and to verify that our primers amplified
unambiguous loci and absent sites in non-gibbon primates,
we first PCR amplified each Alu insertion locus against a primate panel consisting of one of each of the following species:
Homo sapiens, Pan troglodytes, Gorilla gorilla, Pongo pygmaeus, Hylobates lar (PR00715), Nomascus gabriellae
(PR00652), Symphalangus syndactylus (KB11539), and
Chlorocebus aethiops. Of the 231 primer pairs tested, pairs
that did not result in amplification in many species, amplified
multiple paralogous fragments in each species, or produced
smears were removed from further analysis. The remaining
loci were amplified in a larger gibbon panel consisting of 31
individuals representing 18 species as follows: one H. sapiens,
one P. troglodytes, one G. gorilla, one P. pygmaeus, four
N. leucogenys, one Nomascus siki, one Nomascus annamensis,
two N. gabriellae, three Hylobates moloch, one Hylobates agilis,
one Hylobates albibarbis, one Hylobates muelleri, two H. lar,
two Hylobates pileatus, one Hylobates klossii, three Hoolock
leuconedys, three S. syndactylus, and one C. aethiops. A complete list of all DNA samples used in our analyses is available in
the supplementary data (supplementary table S1,
Supplementary Material online).
Due to the limited quantity of genomic DNA available for
some individuals, some samples were subjected to whole
genome amplification using the GenomiPhi genome amplification kit (Amersham, Sunnyvale, CA) following the manufacturer’s instructions. PCR amplification was performed in
the following conditions: 25 l total volume using 15 ng of
template DNA, 200 nM of each primer, 200 M dNTPs in
50 mM KCl, 1.5 mM MgCl2, 10 mM Tris–HCl (pH 8.4), and
2 units of Taq DNA polymerase. The conditions for PCR were
as follows: an initial denaturation at 95 C for 1 min, followed
by 32 cycles of denaturation at 95 C, annealing at 55 C, and
extension at 72 C for 30 s each, followed by a final extension
of 72 C for 1 min. Products were run out on 2% agarose
stained with 0.25 g ethidium bromide and visualized with
ultraviolet fluorescence. The complete list of loci and primer
sequences are available in the supplementary data (supplementary table S2, Supplementary Material online).
Any loci that indicated contradictory relationships to
those shown in the most parsimonious tree were also subjected to automated DNA sequence analysis to verify the

FIG. 2. An illustration of how multiple alignments of orthologous loci are used to design oligonucleotide primers for lineage-specific insertions. The
multiple alignment was performed using Clustal X. The gibbon sequence is N. leucogenys and contains a gibbon-specific Alu insertion (indicated by the
300 bp region in the center that does not match the other sequences). Also included in this alignment are H. sapiens, P. troglodytes, Pongo abelii, and
Macaca mulatta. The gray rectangle shows the location of the Alu insertion in the gibbon. The arrows indicate the orthologous flanking regions in which
primers are designed that will match all five species in the alignment.
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2002) via the UCSC Genome Bioinformatics website (http://
genome.ucsc.edu/). Only those sequences whose putatively
gibbon-specific Alu insertions were not present at the orthologous loci in the outgroups were retained for further analysis.
In addition, the position of each orthologous locus in the
human genome was noted for each candidate sequence
that passed our BLAT analysis. Since at the time of analysis,
the Ensembl data set represented an unassembled genome, many of the sequences were duplicate reads of the
same region. The orthologous human positions of the
gibbon-specific Alu insertions were used to identify all
sequences in the data set that corresponded to a single
locus. A total of 430 gibbon-specific candidate loci were identified using this strategy.
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Phylogenetic Analysis
A total of 125 loci were amplified in a majority of the gibbons
in the 31 individual panel as well as in at least 4 of the 5
outgroups and were therefore used in the phylogenetic analysis. Each locus for each individual was scored based on
whether it amplified as a filled site (presence of an Alu insertion), an empty site (absence of an insertion), or showed no
amplification (unknown insertion status) (fig. 3). Bands in
individuals heterozygous for both filled and empty sites
were sequenced, and if the filled site was found to be an
identical insertion, they were scored as having a filled site in
our matrix. Filled sites were scored as a “1,” empty sites were
scored as a “0,” and unknown sites were scored as “?.” Scores
were entered using the Mesquite program ([cited 2012 Jun
25], http://mesquiteproject.org/.), and all loci were set to
Dollo.up for parsimony analysis. The matrix used in the analysis can be found in the supplementary data (supplementary
table S3, Supplementary Material online).
A heuristic search in PAUP* 4.0b10 (Swofford 2000) was
performed as described by Xing (2005). Briefly, C. aethiops was
set as the outgroup, and all loci were treated as individual
insertions following the criteria required for Dollo parsimony
analysis. Trees and statistics were generated by PAUP*.
Because our loci were harvested from the N. leucogenys
genome, no resolution of the relationships within Hylobates
was possible, resulting in a large polytomy for the members of
this genus. Therefore, in the final tree, only H. lar and H. agilis
were included as representatives of the genus. Tree space was
limited to 100 trees, and 10,000 bootstrap replicates were run
to provide percentage support for each branch under the

majority rule tree, which omits bootstrap values less than
50% per branch (126 steps; consistency index [CI] = 0.9921;
homoplasy index [HI] = 0.0079; and retention index
[RI] = 0.9935). The statistically significant number of SINE insertions required for acceptance is provided under the likelihood model described by Waddell et al. (2001) (fig. 4). The
tree was visualized using the FigTree software ([cited 2012 Jun
25], http://tree.bio.ed.ac.uk/software/figtree/).

Results and Discussion
Computational Data Mining of the N. leucogenys
Genome
The unassembled sequence data available from the northern
white-cheeked gibbon (N. leucogenys) genome sequencing
project consists of 750,923 sequences generated via combined
whole-genome shotgun plasmid, fosmid, and BAC end sequences. We analyzed the repetitive content of this data
set using the RepeatMasker program. We identified 9,701
sequences of interest that contain Alu elements identified
as belonging to the AluYc3 subfamily via an in-house Perl
script (available on request). These sequences were subjected
to BLAT alignment to determine whether the Alu of interest
was shared with outgroup species from the Hominidae
(human, chimpanzee, and orangutan) or the Old World monkeys (rhesus macaque). We later determined that those Alu
insertions that were gibbon specific were not, in fact, AluYc3
elements, but were actually members of a previously reported
gibbon-specific subfamily, AluYd3a1_gib. Although this subfamily was present in the RepBase database, it was not included in the repeat library used in the RepeatMasker analysis,
explaining the initial misidentification.
The N. leucogenys genome will be a 6x coverage genome
once assembly is complete. However, at the time of analysis,
the sequence was unassembled, and as a result, many of the
sequences analyzed were duplicate reads. Some loci were present in a single copy, but others were present in the data set
more than 35 times. In total, 430 unique, computationally
derived candidates containing a gibbon-specific Alu element
were identified (fig. 2).

PCR Assays of Gibbon-Specific Alu Insertions
Multiple alignments of gibbon and outgroup sequences and
automated primer design were attempted for all 430 computational candidates. Some loci were removed from analysis
due to a lack of sufficient or unique sequence flanking the Alu
insertion in which to design primers. Primers were tested
using in silico PCR to determine whether they would amplify
single loci in most of the outgroups. A total of 231 loci passed
this scrutiny and were then used in PCR verification.
Each locus was first amplified on a panel of primate DNA
representing one individual from each of eight species, three
of which were gibbons. Those primer pairs that amplified well
on this panel and indicated gibbon specificity were then run
against the second, larger primate panel. This panel included
31 individuals from 18 species; 26 of these individuals were
gibbons from 13 gibbon species including species from each
of the 4 gibbon genera.
3445
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computationally derived Alu insertion sequences and to confirm the phylogenetic distribution of the insertions. In the
case of these potentially homoplasious loci, representative
filled and empty sites from the taxa involved were selected
for sequencing analysis to determine the origin of the homoplasious signal. Ten such loci were apparent in our analysis
and investigated through DNA sequencing. PCR products
from selected individuals were directly sequenced as described previously (Ray et al. 2005). In addition, six critical
diagnostic loci that inform the center of our tree (three
grouping Nomascus, Hoolock, and Hylobates, and three grouping Nomascus and Hoolock) were subjected to DNA sequencing. All sequences were then aligned against orthologous
sequences from other sequenced individuals and those obtained from BLAT analysis. These alignments are available in
the supplementary data (Supplementary Material online),
and all DNA sequences generated for this project have
been deposited in GenBank under accession numbers
(JQ611584-JQ611670,
JQ861884-JQ861906,
and
JX034756-JX034761). In all but the one potentially homoplasious instance (locus m37; see Results and Discussion), sequencing allowed the resolution of the contradicting loci.
All nine of the critical diagnostic loci reported had the insertions and associated target site duplications (TSDs) and flanking confirmed through sequencing, confirming significant
support for these loci (see below).
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Phylogenetic Relationships within the Hylobatidae
In total, we used 125 loci in the phylogenetic analysis. A
heuristic search was performed using the Dollo parsimony
method, with C. aethiops designated as the outgroup taxon.
A total of 108 of the loci were found to be parsimony informative, resulting in a single most parsimonious tree (126
steps; CI = 0.9921; HI = 0.0079; RI = 0.9935) (fig. 4). In total,
10,000 bootstrap replicates were performed as well as a likelihood test based on the number of unambiguous Alu insertions supporting each node (Waddell et al. 2001). Bootstrap
values, significance levels, and the number of supportive insertions for each node are indicated in figure 4. The likelihood
tests of every genus level node except one within the phylogenetic tree were found to be significant.
The topology of our tree clearly defines relationships between the four extant genera within Hylobatidae: Nomascus,
Hoolock, Hylobates, and Symphalangus. Previous attempts to
reconstruct a genus level tree for Hylobatidae have proven
problematic, resulting in many different topologies
(Geissmann 1995; Roos and Geissmann 2001; Takacs et al.
2005; Chatterjee 2006; Chan et al. 2010; Matsudaira and
Ishida 2010; Thinh et al. 2010a; Kim et al. 2011), often with
insufficient support at the genus level nodes. This is likely due
to the relatively recent and rapid radiation within the group
(Matsudaira and Ishida 2010) leading to incomplete lineage
sorting of characters used in phylogenetic analyses. Our finding for the most basal lineage is consistent with some of these
previous studies. We demonstrate significant support for
Symphalangus as the most basal lineage within the family.
This was the finding in a previous study utilizing morphometric data (Creel and Preuschoft 1984) and one cytochrome b

FIG. 3. PCR amplification assay demonstrating how gibbon-specific Alu
insertion polymorphisms can be used to distinguish lineages. The five
gel electrophoresis images show the PCR amplification products from
five primer sets in seven primate species, including five gibbons, one
hominid, and one Old World monkey. The DNA template for each lane
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is shown at the top, and the locus is indicated in the upper right of each
image. Larger bands indicate “filled” sites in which Alu elements have
inserted, whereas lower bands indicate “empty” sites containing no Alu
insertion. (A) An Alu insertion present in all gibbon species from all four
genera. (B) An Alu insertion present only in Nomascus, Hoolock, and
Hylobates. (C) An Alu insertion restricted only to Nomascus and
Hoolock. (D) An Alu insertion that is Nomascus specific. (E) An Alu
insertion that is present only in the species N. leucogenys.
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The 125 loci that amplified unique fragments in a majority
of the species on the panel were scored for use in the phylogenetic analysis. Figure 3 demonstrates how lineage-specific
insertions can be used to infer the phylogenetic relationships
between groups. Loci that produced smears or multiple
nonspecific banding patterns were removed from further
analysis. Several loci produced double-banding patterns in
some species or individuals. These loci may represent a
useful set of markers for population genetics studies of
these species, as such patterns may be indicative of heterozygous individuals, indicating an insertion that is still polymorphic in the population (Cordaux et al. 2007; Ray et al.
2007). Other possible explanations for such loci include an
Alu insertion that occurred after a duplication event generated two paralogous regions or introgression stemming from
hybridization events (Xing et al. 2007a; Osterholz et al. 2008).
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analysis (Garza and Woodruff 1992). However, this is inconsistent with other more recent cytochrome b analyses
(Chatterjee 2006; Thinh et al. 2010a) as well as analyses of
morphological and behavioral characters (Haimoff et al.
1982), chromosomal homology (Muller et al. 2003), and the
mitochondrial control region (Roos and Geissmann 2001).
Our findings also place Nomascus as a derived lineage, sister
to Hoolock, with the Nomascus–Hoolock clade forming a sister
to Hylobates. The insertions supporting these affiliations were
subjected to DNA sequencing and analysis, and in every case,
the shared insertion architecture was confirmed. Some previous studies placed Nomascus as the most basal clade (Roos
and Geissmann 2001; Chan et al. 2010; Thinh et al. 2010a),
representing a distinct difference in our reconstruction from
most previous ones. Within the Nomascus, we found N. leucogenys and N. siki to be more closely related to one another
than either was to the other two Nomascus species assayed.
This is not surprising given that N. siki was previously classified
as a subspecies of N. leucogenys (Garza and Woodruff 1992;
Geissmann 1995), and this relationship is consistent with
other recent reconstructions (Thinh et al. 2010a; Thinh
et al. 2010c). Given the frequency of chromosomal rearrangements among gibbons and the rapid radiation of extant lineages, we favor the Alu-based phylogenetic reconstruction
method over the alternatives. This method has allowed us

to pull a robust phylogenetic signal out of the data despite the
difficulties that other systems have encountered with this
group.
Only one locus in the analysis, m37, did not support the
most parsimonious tree. This locus is the source of the small
amount of homoplasy (HI = 0.0079) observed. The insertion
was found in all Nomascus species and all Hylobates species
except Hylobates pileatus. However, this insertion was absent
in Hoolock and Symphalangus. This locus was among the
subset sequenced to verify the computational findings and
analyze the sequence architecture of the insertion site in
detail. It shows identical TSDs and identical Alu elements
across all species sequenced. Possible explanations for these
observations are that this locus represents an example of
precise parallel insertion and/or precise deletion in the lineages affected or that this locus represents an incomplete lineage sorting event. We favor the latter explanation given the
relatively rapid speciation time over which the extant gibbon
genera are known to have diverged from one another (6–10
Ma) (Matsudaira and Ishida 2010). This locus affects the likelihood values supporting the Nomascus–Hoolock clade. With
three loci supporting this clade, and one supporting a
Nomascus–Hylobates grouping, the support for this branch
is only P = 0.111 (fig. 4).
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FIG. 4. Cladogram of Hylobatidae phylogenetic relationships derived from 125 Alu insertion polymorphisms. Amplification patterns of insertion loci
were used to construct a Dollo parsimony tree of genus level gibbon phylogenetic relationships using C. aethiops as an outgroup. Also included is
P. pygmaeus, the orangutan, which is the hominid that diverged from other hominids relatively soon after gibbons diverged from other hominoids. The
numbers below the branches are percentage bootstrap replicates (out of 10,000 iterations) producing trees that include that node. Numbers above the
branches indicate the number of Alu insertions supporting the node. The significance level of each node supported by insertions as determined by
likelihood testing is indicated by either *P < 0.05 or **P < 0.01.
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Conclusion
This study represents the first use of SINEs to investigate the
phylogenetic relationships within the family Hylobatidae. By
using a combination of computational and wet bench techniques, a total of 125 loci containing gibbon-specific Alu insertions were found. These were used to generate a
phylogenetic hypothesis of gibbon phylogeny, with statistically significant support for all but one internal branch.
The nearly homoplasy-free nature of Alu insertions is ideally suited to the Dollo parsimony method for the reconstruction of well-supported primate phylogenies. We found
Symphalangus to be the most basal lineage, followed by a
divergence between the Hylobates and a clade consisting of
Hoolock and Nomascus. The four Nomascus species analyzed,
N. leucogenys, N. siki, N. annamensis, and N. gabriellae, were
also well supported as a clade to the exclusion of Hoolock.
Furthermore, N. leucogenys and N. siki were grouped as sister
species within the Nomascus. The most striking difference
between our tree and those produced in the previous analyses is the grouping of Nomascus with Hoolock as the most
derived multigenera clade. A single locus in our data set contradicting this relationship may be the result of the hybridization and rapid radiation characteristic of the gibbon
radiation. These factors may have contributed to the complex
3448

and contradictory findings of previous studies. In addition,
our findings may inform future studies of the biogeographical
history and distribution of modern gibbon species. It is our
hope that the markers developed in this study will provide a
means by which individuals may be quickly and inexpensively
genotyped by conservation workers, so that hybridization can
be avoided in breeding programs.

Supplementary Material
Supplementary tables S1–S3 are available at Molecular Biology
and Evolution online (http://www.mbe.oxfordjournals.org/).
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